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This  report  contains  progress  during  the  last  six  months  and  a summary  of  earlier  progress  on  the 
D°E  supported  programs  within  the  joint  DARPA/DOE  “Brittle  Materials  Design,  High  Temperature 
Gas  Turbine  Program  and  constitutes  the  final  report  of  work  under  DOE  funds.  A separate  report 
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The  summary  of  previous  work  supported  by  DOE  includes  progress  on  reaction  bonded  and  hot 
pressed  silicon  nitride  materials  technology.  Several  NDE  techniques  were  considered  for  the  detec- 
tion of  flaws  in  complex-shaped  silicon  nitride  components.  Improvements  to  the  hot  press  bonding 
process  resulted  in  a s.gnif  mt  improvement  in  the  yield  of  flaw-free  hot  press  bonded  rotors  MOR 
?i!m  !?  spin  tes‘s  °f  rotor  olade  rings  revealed  the  presence  of  undetected  subsurface  flaws  in  both 
bonding68  ^ ^ bend  testing  indicated  that  blade  strength  degraded  during  hot  press 

During  this  reporting  period,  an  investigation  of  hot  press  bonding  temperatures  Lnd  time  at  temper- 
ature defined  a region  of  zero  microstructural  and  strength  degradation.  This  study  involved  19  hot 
press  bondings  from  which  curves  were  generated  defining  the  changes  in  color,  porosity,  hardness 
phase  and  strength  as  a function  of  time  and  temperature. 


Improvements  in  injection  molding  of  rotor  blade  rings  were  made  utiliziirg-an  adaptive  process 
control  unit  which  controlled  and  monitored  the  injection  velocity  and  die  cavity^eW  during  the 
injechon  and  hold  portions  of  the  molding  cycle.  Five  parametric  studies  were  conduciXith  system- 
atically varied  injection  profiles  and  hold  pressures.  Microfocus  X-ray  results  indicatedtiiat  high 
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deteCtion  nfpJnnar  flaws  in  both  green  as-molded  and  nitrided  blade  rings  revealed  that  this 
a7o  y deteCtable  ai}eT  nitr*ding.  indicating  that  it  may  only  occur  after  burn  out  and/or 
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for  follow  on  work  are  presented.  "'ll* 
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FOREWORD 


This  report  is  the  thirteenth  technical  report  of  the  “Brittle  Materials  Design,  High  Temperature  Gas 
Turbine"  program  initiated  by  the  Defense  Advanced  Projects  Agency,  DARPA  Order  Number  1849. 
(Contract  Number  DAAG-4fi-71-C-01fi2). 

In  fiscal  year  1977,  the  Energy  Research  and  Development  Administration  (ERDA),  now  Depart 
ment  of  Energy  (DOE),  joined  with  DARPA  to  support  this  project  and  this  constitutes  the  final  repor 
of  the  DOE  funded  work. 

This  report  is  also  the  final  report  on  materials  development  in  the  iterative  design  and  materials 
development  portion  of  the  DOE  funded  portion  of  the  Brittle  Materials  Design  Program,  as  such  it 
represents  the  state  of  the  art  in  materials  processing  developed  as  of  the  end  of  the  program.  However, 
this  does  not  Imply  that  further  processes  improvements  are  not  desirable. 

The  ERDA  Division  of  Transportation  (TEC),  started  to  support  process  development  to  improve  the 
quality  of  duo-density  silicon  nitride  turbine  rotors,  and  ERDA's  Division  of  Conservation  Research 
and  Technology  (CONRT),  supported  some  of  the  work  on  non-destructive  evaluation  of  ceramics  and 
ceramic  materials  characterization.  DOE  has  delegated  project  management  responsibility  to  the 
NASA  Lewis  Research  Center  for  the  TEC  Heat  Engine  Highway  Vehicle  Systems  Program.  This 
includes  work  under  the  TEC/AMMRC  Heat  Engine  Systems  Materials  and  Components  Technology 
Program.  The  Army  Materials  and  Mechanics  Research  Center  continued  to  function  ns  the  technical 
monitor  of  the  overall  program. 

The  principal  investigator  of  this  program  is  Mr.  A.  F.  McLean,  Ford  Motor  Company,  and  the 
technical  monitor  is  Dr.  E.  S.  Wright,  AMMRC.  The  authors  would  like  to  acknowledge  the  valuable 
contributions  in  the  performance  of  this  work  by  the  following  people. 


Ford  Motor  Company 

N.  Arnon.  R.  |.  Baer, ).  H.  Buechol,  D.  j.  Cassidy,  |.  C.  Caverly,  G.  C.  DoBell,  R.  C.  Elder,  A.  Ezra,  E.  A. 
Fisher,  R.  K.  Govilla,  M.  N.  Gross,  D.  L.  Hnrtsock,  P.  H.  Havstnd,  /.  A.  Herman,  R.  A.  Jorynn,  C.  F, 
johnson,  J.  A.  Mangels,  W.  E.  Meyer,  |.  T.  Neil,  A.  Pnluszny,  G.  Pcitsch,  J.  R..  Secord,  L.  R.  Swank,  W. 
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1.0  INTRODUCTION 


In  July,  1971,  the  Defense  Advanced  Research  Projects  Agency  of  the  Department  of  Defense  jointly 
sponsored  a program  with  Ford  Motor  Company  to  develop  and  encourage  the  use  of  brittle  materials 
for  engineering  applications.  The  major  program  goal  of  the  "Brittle  Materials  Design  — High  Temper- 
ature Gas  Turbine”  program  was  to  prove  by  a practical  demonstration  that  efforts  in  ceramic  design, 
materials,  fabrication,  testing  and  evaluation  could  be  drawn  together  and  developed  to  establish  the 
usefulness  of  brittle  materials  in  demanding  high  temperature  structural  applications. 

The  replacement  of  high  cost  nickel-chrome  superalloys  in  gas  turbines  with  low  cost,  higher 
temperature  capability  ceramics  offers  significant  advances  in  efficiency,  materials  utilization  and 
power  per  unit  weight.  The  vehicular  turbine  project  was  organized  to  design  and  develop  an  entire 
ceramic  hot  flow  path  for  a high  temperature  (2500°F)  vehi-  ular  gas  turbine  engine  (Figure  1.1). 

The  progress  of  the  gas  turbine  engine  has  been  and  continues  to  be  closely  related  to  the  develop- 
ment of  materials  capable  of  withstanding  the  engine’s  environment  at  high  operating  temperature. 
Since  the  early  days  of  the  jet  engine,  new  metals  have  been  developed  which  allowed  a gradual 
increase  in  operating  temperatures,  Today’s  nickel-chrome  superalloys  are  in  use,  without  cooling,  at 
turbine  inlet  gas  temperatures  of  1800°F.  However,  there  is  considerable  incentive  to  further  increase 
turbine  inlet  temperature  in  order  to  improve  specific  air  and  fuel  consumptions.  The  use  of  ceramics 
in  the  gas  turbine  engine  promises  to  make  a major  step  in  increasing  turbine  inlet  temperature  to 
2500°F.  Such  an  engine  offers  significant  advances  in  efficiency,  power  per  unit  weight,  cost,  exhaust 
emissions,  materials  utilization  and  fuel  utilization.  Successful  application  of  ceramics  to  the  gas 
turbine  would  therefore  not  only  have  military  significance,  but  would  also  greatly  influence  our 
national  concerns  of  air  pollution,  utilization  of  material  resources,  and  the  energy  crisis. 

Therefore  the  goals  of  this  program  were  considered  to  be  congruent  with  the  goals  of  the  emerging 
ERDA  (now  DOE)  Highway  Vehicle  Systems  Program.  It  was  also  apparent  that  ceramic  component 
processing  developments  and  life  prediction  methodologies  being  developed  under  the  DARPA  pro- 
gram would  be  directly  transferable  to  future  ERDA  (DOE)  programs  in  the  heat  engine  area.  Accord- 
ingly in  FY77,  ERDA  joined  with  DARPA  to  support  the  program  and  to  carry  the  materials  develop- 
ment portions  of  the  program.  The  ERDA  Division  of  Transportation,  working  closely  with  NASA- 
Lewis,  started  to  support  process  development  to  improve  the  quality  of  duo-density  silicon  nitride 
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TASK  III 
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Figure  1.2 
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2.0  SUMMARY  OF  PREVIOUS  DOE  SPONSORED  WORK 
Introduction 


The  duo-density  silicon  nitride  rotor  concept  utilizes  creep  resistant  reaction  bonded  silicon  nitride 
for  the  complex  shaped  blades  and  hot  pressed  silicon  nitride  for  the  high  strength  rotor  hub . The 
blades  are  formed  by  injection  molding  a one  piece  blade  ring  consisting  of  all  36  blaue-,  and  the  blade 
ring  rim  The  green  preform,  made  of  silicon  particles  and  an  organic  binder,  is  subsequently  burned 
out  to  removed  the  binder,  and  then  heated  in  a nitrogen  atmosphere  to  convert  the  silicon  to  silicon 
nitride.  The  silicon  nitride  blade  ring,  after  blade  encapsulation  in  a blade  fill,  is  placed  in  a hot  press. 
Silicon  nitride  powder  is  then  hot  pressed  to  form  the  hub  while  simultaneously  hot  press  bonding  the 

hub  to  the  blade  ring. 


Table  2.1  presents  a summary  of  all  DOE  sponsored  work.  Improvements  in  ceramic  materials 
technology  (Section  2.1)  in  addition  to  improvements  in  both  the  injection  molding  and  hot  press 
bonding  processes  (Section  2.2)  were  sought  in  order  to  improve  the  quality  of  duo-density  silicon 
nitride  turbine  rotors. 


TABLE  2.1 

DOE  PROGRAM  ACCOMPLISHMENTS 


Status  at  Start  of  Program 


Status  at  Program  Termination 


I.  CERAMIC  MATERIALS  TECHNOLOGY 

1.  Reaction  Bonded  Silicon  Nitride 

— Strength  variability  exhibited  by  2.7  g/cc 
Injection  Molded  RBSN. 


2.  Hot  Pressed  Silicon  Nitride 

— Limited  coefficient  of  expansion  data 
available. 


— Parametric  study  needed  to  identify  the 
best  combination  of  starting  powder,  w/o 
MgO,  milling  conditions  and  hot  pressing 
pressure. 


— Iron  and  chromium  contaminant  identi- 
fied as  source  of  strength  variability. 

— Magnetic  separator  equipment  ordered 
for  powder  cleaning. 


— Coefficient  of  expansions  determined 
for  varying  concentrations  of  MgO  over 
the  100-900°C  temperature  range. 

— Best  material  produced  with  5 w/o 
MgO,  wet  WC  milling  in  methanol,  even 
at  low  pressure. 


3.  Non-Destructive  Evaluation 

— Standard  X-ray  techniques  failed  to  detect 
subsurface  voids  in  blades  and  blade  ring 
rim. 
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— Microfocus  X-ray  set  up  and  evaluated 
for  detection  of  subsurface  voids,  0.010 
inch  and  larger,  in  blades  and  rim. 


— Panoramic  X-ray  of  rim  with  magnifica- 
tion achieved. 


TABLE  2.1  — Continued 
DOE  PROGRAM  ACCOMPLISHMENTS 


Status  at  Start  of  Program 

II.  CERAMIC  ROTOR  FABRICATION 
TECHNOLOGY 

1.  Injection  Molding  of  Rotor  Blade  Ring 

— Poor  surface  finish  of  molded  blade  rings. 


— Low  yield  (10-15%)  of  good  blade  rings  due 
to  blade  cracks. 

— Subsurface  molding  voids  present. 


2.  Hot  Press  Bonding 

— 3-piece  rotor  configuration  had  inadequate 
hot  pressed  to  hot  pressed  bond  joint 
strength. 

— 2-piece  contoured  rotor  processing  cracked 
blades  resulting  in  a low  yield  of  usable 
rotors. 

— Blade  fill/graphite  wedge  support  system 
limited  hot  pressing  pressure. 


— Blade  rings  exhibited  varying  color  and 
microstructure  after  press  bonding. 


Hi.  ANALYTICAL  DESIGN  CODES 

— Standardized  method  needed  to  estimate 
Weibull  parameters. 

— Standardized  analytical  test  needed  to  check 
differences  in  sets  of  data. 

— Fast  fracture  reliability  analysis  developed  re- 
sulting in  thin  throat  rotor  design. 


Status  at  Program  Termination 


— Mold  release/air  blast  distribution  sys- 
tem noticeably  improved  surface  finish. 

— Yield  increased  to  75%  with  automated 
system  controlling  molding  parameters. 

— Hunkar  flow  control  equipment  pro- 
cured and  set  up,  and  shown  to  greatly 
reduce  the  number  of  subsurface  voids 
in  highly  stressed  portions  of  blades. 


— Simplified  2-piece  configuration  elimi- 
nated this  bond  joint. 


— Yield  of  flaw-free  hot  pressings  in- 
creased to  70%  with  improved  process 
controls. 

— Molten  glass  media  identified  as  a suit- 
able support  system  and  sealing  config- 
uration developed. 

— Blade  strength  degradation  identified  as 
occurring  during  hot  press  bonding.  Re- 
gion of  hot  pressing  time  and  tempera- 
ture defined  to  eliminate  material  and 
strength  degradation. 


— Maximum  Likelihood  Method  selected 
and  automated  with  computer  program. 

— Hypothesis  testing  computer  program 
developed. 

— Analytical  procedure  developed  to  com- 
pute time-dependent  reliability  of  ce- 
ramic structures.  Rotor  throat  thickness 
increased  to  increase  time-dependent 
life. 


2.1  CERAMIC  MATERIAL  TECHNOLOGY 
Introduction 

The  development  of  ceramic  M'nrin'  Z plml/nARPA 'X™ 'and  “minced 

nitride  hoe  lteon  on  engoing  nnttvtly  »m;.e  the  > "’uPA/DOE  Program.  This  loclmology  « o very 
under  the  DOE  sponsored  portion  of  ( ,his  rojcc,  for  the  development  of  lngh 



211  REACTION  bonded  SILICON  NITRIDE 

The  mixing  of  silicon  powder  end  organics  prior  lo  icmporutnre  conlrol 



molded  components!13). 

The  starting  silicon  powder  used  to 

nant  in  the  form  of  iron  and  chromium.  Miuos  ic  u ^ ^ ^ microsc0pic  flows  due  to  contomimi- 

equipment  wos  ordered  and  received  so  tho,  all  star  mg 

silicon  powder  con  he  cleaned  in-house!  > )■ 
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2.1.2  HOT  PRESSED  SILICON  NITRIDE 

.uiOIM^lu"*  ',MI  m"'"™1  - „y  WC  J&  ^SX^S 

Viriwl  prawd  samples  with r,,„ 

optimum  ho!  pressing  conditions  would  A 1 ' '“  '“’"'s|  “"'l  P"*»™  (tOOO-sS) psi  Th 
U °",  fy  «»  '«  candidates  for  (urther  au,!7l3|  nPOn,'',rc  *"»«■  w»H  .he„°Ko,o™3“ 


The  ranges  of  variables  invesligaled  are  shown  below: 


Weight  % MgO 
Milling  Balls: 
Milling  Fluid 
Milling  Time: 
Powder  Type. 
Pressing  Pressure: 


1.  2,  3X,  5,  or  7 
WC  or  AI2O3 
Methanol  or  none 
48.  72,  or  144  hours 

S5orC™m“f'Cr,  KB'  *■"""«•  >"■  "ow  CP85 
loOO  or  5000  psi  (1715°C,  3 hours) 


The  MgO  content  was  found  m .i,  1 . 

sion  (Figure  2.3)(13).  ,ht  °nly  s'Smficant  variable  affecting  thermal  expar 
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TABLE  2.2 


Chemistry  of  Commercial  Grade  Silicon  Nitride  Powder  and  Hot  Pressing  Additives 
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2.2  CERAMIC  ROTOR  FABRICATION  TECHNOLOGY 


Introduction 

Improvements  were  sought  in  the  injection  molding  process  which  is  utilized  to  fabricate  a one 
piece  blade  ring  consisting  of  all  36  blades  and  the  blade  ring  rim.  Improvements  were  also  sought  in 
the  subsequent  hot  press  bonding  process  used  to  form  and  bond  the  dense  hot  pressed  silicon  nitride 
hub  to  the  blade  ring. 

2.2.1  INJECTION  MOLDING  OF  ROTOR  BLADE  RINGS 

The  injection  molding  process  was  improved  by  optimizing  the  molding  parameters  with  the  auto- 
mated control  system.  The  installation  of  nozzles  to  apply  mold  release  and  air  blast  jets,  to  clean  the 
die  and  evenly  distribute  the  mold  release,  resulted  in  a noticeable  improvement  in  the  surface  finish 
of  blade  rings.  The  improved  part  yield  as  reflected  in  cracks  detected  in  the  as-molded  components  is 
shown  in  Figure  2.4.  The  bottom  curve  represents  blade  rings  having  no  visible  defects,  in  the  as- 
molded  state,  under  70x  microscopic  inspection.  The  top  curve  represents  usable  test  blade  rings  and 
includes  those  molded  with  no  cracks  or  other  functional  defects  and  less  than  two  minor  surface 
imperfections.  The  number  of  parts  refers  to  the  total  number  of  blade  rings  molded  during  a particu- 
lar stage  of  control  development(13). 

In  an  effort  to  further  improve  the  quality  of  molded  blade  rings,  an  adaptive  process  control  unit 
manufactured  by  Hunkar  Laboratories  Inc.  was  installed  on  the  Reed  Prentice  injection  molder.  This 
system  interfaced  with  the  Ford  automatic  control  system  and  controlled  machine  operation  from  the 
time  the  inject  command  was  given  until  the  plunger  retract  command  was  received(13).  Section  4.1  of 
this  report  describes  the  initial  experiments  with  this  adaptive  process  control  unit. 


PERCENT 


Figure  2.4  Yield  of  Good  As-Molded  Blade  Rings  Versus  Process  Development 
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2.2.2  HOT  PRESS  BONDING  OF  DUO-DENSITY  ROTORS 


U" 'doM  oarliCTl,°l  ta  «*»  -o 

bond  strength  between  the  ore-formed  hot  nro^  H g 1 , , 7 An  mvcs,1^atlon  was  made  of  the 

cut  from  the  bond  region 0fSx rotors  i S , ' P"T5d  b°nd  **  Tcst  bars  were 

and  tested  at  2200°F.  The  results  showed  the  hnt  nJL  i ! 771  comPos,t,onal  or  forming  conditions 
vary  from  18  to  98%.  of  the  parent  m iteri  ill  1 1 ) 'I'hoT  t"  °"  ° prossec  silicon  nitride  bond  strength  to 
design  involving  hot  pressing  and  simultaneous  t f Ibr,Cj"on  concaPt  was  changed  to  a two-piece 
bonded  blade  ring  as  shown  in  Sure" °f  3 «™P»/ied  flatter  hub  to  a reaction 
1500  psi  with  3Kw/o  magnesium  oxide 'added  inT  7^  Wore  (abricn,od  usinH  pressures  oi  500  to 
tungsten  carbide  balk  «Z  Bht  rr,  V "Unde  powder  which  was  milled  with 

wedge  restraining  load  and  three  ~ >"» 
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Figure  2.5 


Hot  Press  Bonding  Assembly  - Three  Piece  Duo-Densily  Concept 
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Control  of  the  hot  pressing  load  was  refined  by  modifying  the  hydraulic  pressure  regulating  system. 
Initial  experiments  conducted  with  a radiation  pyrometer  coupled  to  an  automatic  temperature  control 
unit  were  successful  and  this  system  was  used  during  this  reporting  period  (Section  3.0).  The  graphite 
tooling  was  redesigned  to  provide  more  consistent  action  of  the  blade  ring  restraining  wedges.  The 
blade  filling  process  was  modified  to  more  accurately  control  the  thickness  of  boron  nitride  used  as  a 
barrier  material.  These  last  two  changes  resulted  in  a significant  improvement  in  hot  press  bonding  as 
70%  of  the  rotors  fabricated  were  free  of  flaws  induced  by  hot  pressing!13). 


3.0  CERAMIC  MATERIAL  TECHNOLOGY  (ROTOR  IMPROVEMENT) 

3.1  INTRODUCTION 


Rotors  produced  during  the  development  of  the  simplified  two-piece  hot  press  bonding  concept 
were  sectioned  to  examine  the  bond  joint  between  the  blade  ring  and  the  hot  pressed  hub.  During 
these  examinations,  it  was  observed  that  the  reaction  bonded  blade  ring  material  usually  had  changed 
color,  from  a shiny  black  to  a dull  gray.  Several  rotors  were  then  selected  for  an  investigation  into  the 
color  changes  and  possible  microstructural  changes.  In  addition,  a few  rotors  were  subjected  to  blade 
bend  testing  to  determine  if  the  strength  of  the  blades  was  affected  by  hot  press  bonding.  Several  blade 
rings  were  also  bend  tested  to  establish  the  blade  bend  strength  prior  to  hot  press  bonding.  The  results, 
in  Table  3.1,  show  the  characteristic  loads  after  hot  press  bonding  were  14  to  38%  lower  than  those  for 
the  “as-nitrided"  or  before  hot  press  bonding  state.(13) 

TABLE  3.1 

Summary  of  Blade  Bend  Test  Results 


As  Nitrided After  Hot  Pressing  % Change 


Nitriding 

Number 

Weibuli 

Slope 

Characteristic 

Load* 

Weibuli 

Slope 

Characteristic 

Load* 

Weibuli 

Slope 

Characteristic 

Load* 

(Pounds) 

(Pounds) 

48 

9.1 

89.9 

6.9 

77.0 

-24 

-14 

67 

11.2 

85.7 

6,8 

53.0 

-39 

-38 

78 

9.2 

79.1 

15.1 

61.6 

+64 

-22 

‘Load  at  63.2%  failure  rate 


Analysis  of  the  microstructure  of  the  blades  indicated  they  had  changed  from  a shiny  black  to  a gray 
color  after  hot  pressing  with  a corresponding  increase  in  non-uniform  porosity  as  shown  in  Figure  3.1. 
X-ray  analysis  showed  the  phase  composition  of  the  silicon  nitride  had  changed  from  an  average  of 
70%  a,  29%  /?  before  press  bonding  to  an  average  of  22%  a,  75%  /?  and  3%  silicon  oxynitride  after 
press  bonding  (Table  3.2).  Also  shown  in  this  table  is  data  on  two  blade  rings  at  an  intermediate 
processing  step,  (after  blade  fill  nitriding),  which  indicated  that  the  degradation  was  occurring  during 
hot  press  bonding.(13) 


PRESSURE  PSIA 

50000  10000  1000  100  10 


Figure  3.1  Pore  Size  Distribution  Before  and  After  Hot  Press  Bonding 
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Blade  Ring  Degradation  Characteristics  at  Various  Process  Steps 

% PHASE  COMPOSITION 
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BLADE 
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COLOR 
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2.70 
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BLACK 
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2.68 

GRAY/ 

LIGHT 
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GRAY 

CASE 

microstructure 

a 

SI 
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UNIFORM  POROSITY, 
metallic  PHASE, 
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70 

29 

0.3 

0.4 
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metallic  PHASE 

72 

29 

0 

0.15 
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POROSITY,  2ND  PHASE 

22 

75 

0 

2.7 
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TABl.K  3.3 

Characterization  of  Rotor  Blade  Rings 
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1 j REACTION  BONDED  SILICON  NITRIDE  DEGRADATION  STUDY 


As  mentioned  in  the  previous  section,  a study  was  conducted  to  determine  the  parameters  causing 
the  strength  degradation  of  the  injection  molded  blade  ring  during  the  hot  press  processing.  This 
section  presents  the  details  of  that  study. 

The  hot  pressing  process  consists  of  two  distinct  operations  — blade  filling  and  hot  pressing. 

I he  blade  filling  operation!^)  occurs  prior  to  hot  pressing  and  encapsulates  the  blade  ring  in  an 
envelope  of  silicon  nitride.  This  encapsulation  was  accomplished  by  coating  the  blade  ring  with  a 
barrier  layer  of  boron  nitride  (0.001-0.010’’  thick)  and  then  slip  casting  an  envelope  of  silicon  around 
the  coated  blade  ring.  This  slip  cast  assembly  was  then  nitrided  to  convert  the  slip  material  to  silicon 
nitride. 

At  this  point,  the  blade  ring  was  ready  for  the  second  operation,  hot  prossing(13)  (Sce  Figure  3.2).  In 
this  operation,  silicon  nitride  powder  was  placed  inside  the  encapsulated  blade  ring  and  subjected  to 
temperature  and  pressure  sufficient  to  cause  the  SiaN4  powder  to  densify  and  bond  to  the  blade  ring. 
In  order  to  prevent  deformation  of  the  blade  ring  during  this  operation,  a radially  inward  load  was 
applied  to  the  outer  diameter  of  the  blade  fill  assembly  by  means  of  a wedge  system!^). 

The  technique  employed  in  this  study  was  such  that  the  effect  of  each  of  these  operations  on  blade 
ring  degradation  could  be  identified. 
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Figure  3.2  Graphite  Tooling  for  Inside  Temperature  Measurement 
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3.3.1  TECHNIQUE  FOR  ASSESSING  DEGRADATION 

Data  which  was  gathered  outside  this  study  and  which,  in  essence,  identified  the  presence  of 
degradation  contained  a major  variability.  Comparisons  between  the  “as  nitrided”  and  the  "after"  hot 
pressing  operations  were  made  utilizing  different  blade  rings.  Such  variability  between  blade  rings 
was  not  desired  in  this  study.  To  eliminate  the  variability,  the  following  technique  for  determining 
before  and  after  comparisons  was  established: 

(aj  First,  the  odd  numbered  blades  of  a blade  ring  were  loaded  to  failure  in  the  load  test  fixture!!  •) 
(Figure  3.3)  resulting  in  a blade  ring  as  shown  in  the  top  right  of  Figure  3.4. 

(h)  The  blade  ring  with  remaining  even  blades  was  then  processed  through  the  blade  filling 
operation 

(c)  If  an  "after  blade  filling  comparison"  was  required,  the  blade  fill  was  removed  and  the  even 
blades  were  loaded  to  failure 

(d)  If  an  "after  bet  pressing  comparison"  was  required,  the  encapsulated  blade  ring  was  processed 
through  the  hot  pressing  operation,  then  the  blade  fill  was  removed  and  finally  the  even  blades 
were  loaded  to  failure 


Figure  3.3  Rotor  Blade  Bend  Test  Set-Up 
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Fiji'iro  3.4  Processing  Steps  for  Degradation  Study 


After  completing  either  cycle  ||a),  (It)  & |c|  or  |a),  (I»)  A |d||,  a comparison  was  made  between 
properties  ol  the  before  and  after  blades.  ()|  concern  were  load,  color,  microstrnctnre,  hardness  and 
phase  composition  In  addition,  functional  relationships  between  the  independent  and  dependent 
variables  were  checked  using  a multiple  regression  computer  program. 


3.3.2  STUDY  RESULTS 


3.3.2. 1 BLADE  FILLING  OPERA  TION 


Although  prior  data  indicated  that  the  blade  filling  operation  of  the  hot  pressing  process  did  not 
contribute  significantly  to  the  blade  ring  degradation!  ,;H.  a number  of  blade  rings  were  processed 
through  the  ||n),  |b),  |c)|seipnmce  to  verify  this  indication  One  blade  filled  blade  ring  from  each  of  five 
blade  fill  ilitridings  was  evaluated.  The  results  of  these  tests  are  shown  in  Table  3.4. 


TABLE  3,4 

Blade  Ring  Data  Before  and  After  Blade  Fill  Processing 


AFTER  HOT  PRESS  BONDING 
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3.3.2.2  HOT  PRESSING  OPERATION 
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Figure  3.6  Times  and  Temperatures  for  Experimental  Hot  Pressings 


Blade  Bend  Load 

At  the  initiation  of  this  study,  it  was  assumed  that  the  primary  method  to  determine  strength 
degradation  was  to  compare  failure  loads  of  before  and  after  hot  pressing  blades  tested  in  the  fixture 
shown  in  Figure  3.3.  This  before/after  comparison  was  not  successful  for  reasons  discussed  below. 

Initial  blade  rings  were  available  in  the  machined  configuration  shown  on  the  left  in  Figure  3.7. 
When  blade  rings  of  this  configuration  were  mounted  on  the  blade  load  fixture  and  blade  loaded,  an 
occasional  rim  failure  would  occur.  These  rim  failures  were  undesirable.  A blade  ring  configuration 
with  a center  rib  (shown  on  the  right  in  Figure  3.7)  was  successful  in  eliminating  rim  failures. 


Figure  3.7  Blade  Rings  with  and  without  Center  Rib 


j 

i 


23 


ts 


u.;.!'; I ts' Vl^ loi "!u- m!n. M ! ’,' ' n' .iV l M ’ 'l'"’  ",‘““,,ml  l,W"  «>» k««l.  Iw„  u* 

^\r“' »«■  «i  t:wT,  ,:f:" ";  f? ** +?*£ 

’ ,lH!  l't!,,!,,!1' ril*  *«»««:*  were  significantly  higher  ,lnn  wj|  h|  lu«h  «'»■  Hio  Mad,:  loads 

summarized  in  Table  3.5  ' ^ " Hli  the  center  ril»  romovod  These  results  are 
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Figure  3.8  Color  Change  Versus  Hot  Pressing  Parameters 
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Figure  3.9  Typical  Micrographs  of  Rotor  Blades 
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HOT  PRESSING  TIME  AT  TEMPERATURE  — MINUTES 
Figure  3.10  Change  in  Porosity  Versus  Hot  Pressing  Parameters 
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Phase  Composition 

The  phase  composition  of  the  blade  ring  material  was  determined  using  an  x-ray  diffraction  tech- 
nique described  by  Mencik  and  Short!  17).  The  major  observation  was  that  the  o silicon  nitride  trans- 
formed to  d silicon  nitride  with  increasing  hot  pressing  times  and  temperatures  as  shown  in  Figure  3.13. 


Figure  3.13  Percent  Change  in  Alpha  Versus  Hot  Pressing  Parameters 


A linear  regression  analysis  of  the  data  showed  that  the  percent  change  in  the  a silicon  nitride  (%Aa) 
can  be  expressed  as  a function  of  the  initial  a silicon  nitride  composition  and  the  hot  pressing  time  and 
temperature.  The  derived  relation  was: 

%Aa  = - 1604  - ,196t  + 47  In  t + .846  T - ,156«l 


%Aa 


%«I  - %«p  x 100 

%a\ 


where  t 
T 
«I 

%«F 


hot  pressing  time 
hot  pressing  temperature 
initial  a Si3N4  composition 
final  «Si3N4  concentration 


A correlation  coefficient  of  0.94  was  achieved  with  this  empirical  relation. 


3.3.2  3 DETERMINATION  OF  PERCENT  STRENGTH  DEGRADATION 

prIJlHmdin7‘SUlt‘S  8h0We(1  cha,,|!eS  (“Un,r  in  ,ho  r0i,,:ti,m  bonded  silicon  nitride  us  a result  of  hot 

Of  prime  concern  was  u degradation  in  strength.  The  study,  however,  did  not  yield  before  and  after 
hot  pio.vs.nt-  strength  values  which  could  directly  quantify  the  experienced  degradation,  boss  direct 
quantification  was  attempted  by  evaluation  of  four  other  before/nfter  parameters  - color  hardness 
microstructure  and  % phase  composition,  nuruntss, 

The  percent  phase  composition  parameter  (%aSi3N4)  was  of  particular  interest  in  the  quantification 
attempt  I iguie  3.t4  presents  a plot  of  blade  bend  load  versus  %«Si3N4  after  hot  pressing. 

It  can  be  seen  that  for  any  %aSi3N4.  a maximum  blade  bend  load  was  obtained  and  this  maximum 
load  increased  as  the  tv 0S.3N4  increased.  If  it  is  assumed  that  this  is  an  upper  bound  for  the  plot  of 
blade  bend  load  versus  %«Si3N4  and  that  data  points  below  this  upper  hound  represent  the  effect  of 

increased  flaw  size,  then  the  upper  hound  defines  the  maximum  load  obtainable  fora  component  with 
minimum  tl<iw  size. 


Since  the  blade  bend  load  reflects  strength  capability,  a relationship  for  determining  degradation 
was  establisheil.  For  example,  if  the  </,  0S13N4  before  hot  pressing  is  80%  and  after  hot  pressing  is  80% 
then  a !),»  strength  degradation  is  predicted  (Figure  3.14). 


Converting  the  data  in  Figure  3.13  utilizing  the  relationship  established  in  Figure  3.14  resulted  in  the 
strength  degradation  versus  hot  pressing  parameters  (time  and  temperature)  presented  in  Figure  3.15. 


Figure  3.14  Blade  Bend  Load  Versus  Percent  Alpha  Silicon  Nitride  After  Hot  Pressing 
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HOT  PRESS 


HOT  PRESSING  TIME  AT  TEMPERATURE  - MINUTES 

Figure  3.15  Percent  Degradation  in  Strength  Versus  Hot  Pressing  Parameters 


Of  particular  importance  is  the  area  under  the  zero  percent  strength  degradation  curve  which  now 
,t!s,(,n  111  ullldl  111,1  I»rossin«  can  he  conducted  with  no  expected  degradation. 


3.4  SUMMARY  AND  CONCLUSIONS 


I he  last  interim  report! ^ 3 ) hypothesized  that  the  mechanism  for  the  degradation  of  the  reaction 
bonded  silicon  nitride  during  hot  press  bonding  was  silicon  nitride  dissociation.  During  this  reporting 
period  it  was  determined  that  the  or  to  0 conversion  of  silicon  nitride  was  a good  measure  of  the 
time/temperature  seen  during  hot  pressing  which  resulted  in  a degradation  of  the  microstructure 
which  in  turn  resulted  in  degraded  strength,  Since  dissociation  was  the  controlling  degradation  mecha- 
nism, it  would  be  expected  that  a minimum  temperature/time  at  temperature  condition  would  exist 
where  no  degradation  occurs.  The  study  has  defined  a region  of  zero  degradation.  In  addition,  the 
study  results  provide  for  the  determination  of  the  amount  of  degradation  for  any  chosen  set  of  hot 
pressing  parameters. 
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4.0  CERAMIC  PROCESSING  TECHNOLOGY 


Introduction 

Two  major  areas  of  improvements  in  ceramic  processing  technology  were  addressed  in  this  portion 
of  the  program.  These  were  (1)  improvements  in  the  quality  of  injection  molded  blade  rings  for  the 
duo-density  rotor  by  the  application  of  additional  process  controls  intended  to  reduce  or  eliminate  the 
evidence  of  molding  flaws  and  (2)  improvements  in  the  press  bonding  of  duo-density  rotors  by  replac- 
ing the  wedge/blade-fill  system  with  a hot  isostatic  media. 

The  blade  ring  molding  program  was  based  upon  molding  a matrix  of  blade  rings  in  several  experi- 
mental phases.  Each  phase  was  designed  to  explore  molding  variables  available  through  the  use  of 
new  adaptive  process  control  equipment.  This  equipment  is  used  to  control  the  flow  of  material  into 
the  molding  die  cavity.  A closed  loop  system  of  electronic  control,  high  response  (120  Hz)  Hydro  valve, 
hydraulic  pressure  sensors  and  ram  position  indicator  are  utilized  to  vary  the  injection  velocity  and 
hold  pressure  of  the  injection  molding  machine.  Closer  control  of  injection  velocity  and  hf.ld  pressure 
may  reduce  trapped  gas  bubbles,  knit  lines  and  “molded-in”  stress  in  injection  molded  blade  rings. 
Since  the  relatively  short  time  available  under  this  project  would  not  permit  the  completion  of  many 
phases  if  the  blade  rings  were  to  be  completely  processed  (i.e.,  burn-out,  nitriding,  post-nitriding 
inspection),  blade  ring  quality  was  evaluated  entirely  using  as-molded  components.  Microfocus  X-ray 
equipment  was  utilized  to  assist  this  evaluation  and  to  help  locate  subsurface  defects  in  the  blade  rings. 

The  press-bonding  program  was  based  upon  the  use  of  materials  which  would  be  fluid  at  hot 
pressing  temperatures  (i.e.,  glasses,  metals)  and  could  then  be  mechanically  loaded  to  apply  isostatic 
pressure  upon  the  blade  ring  in  a radial,  inward  direction,  thus  counteracting  the  outward  force  used  to 
densify  the  hub  material.  Potential  advantages  of  such  a system  include  simplified  tooling,  reduced  in- 
process  time  now  needed  for  blade  filling,  and  more  uniform  inward  pressure  on  the  blade  ring. 


4.1  ROTOR  BLADE  RINGS 


Background 

The  Oramic  Turbine  Rotor  Technology  Program  developed  ceramic  material  and  process  technol- 
ogy and  included  both  destructive  and  non-destructive  tests  to  identifv  problem  areas  and  evaluate 
process  improvements.  Two  investigations  conducted  on  injection  molded  blade  rings  during  the 
previous  reporting  period(13)  were  cold  spin  testing  to  destruction  and  room  temperature  MOR  testing 
of  th«  rim  material. 


Room  temperature  MOR  tests  of  bars  cut  from  the  rim  area  of  four  reaction  bonded  silicon  nitride 
bi.-ule  lings  gave  characteristic  strengths  of  25.4  to  33.8  ksi  with  Weibull  slopes  ranging  from  2.6  to  6.8. 
Subsurface  flaws  were  responsible  for  the  low  Weibull  slope  which  was  improved  if  the  flawed  test 
bar  data  was  excluded  from  the  analysis  as  shown  in  Table  4.l(13). 

TABLE  4-1 
Weibull  Parameters 


Blade  Ring  No. 

All  Bars 

Flaw-Free  Bars 

2047 

aO 

30.1  (27.8-32.7) 

30.1  (27.8-32.7) 

m 

6.8  (4. 2-8. 9) 

6.8  (4.2-8.9J 

n 

13 

13 

2155 

aO 

33.5  (30.6-36.8) 

33  8 (30.7-37.3) 

m 

5.7  (3. 6-7.5) 

6.7  (3. 7-9.1) 

n 

14 

10 

2251 

ad 

27.0  (23.4-31.1) 

* 

m 

3.7  (2. 3-3.1) 

n 

14 

4 

2255 

a0 

25.4  (21.2-30.4) 

31.1  (24.0-41.8) 

m 

2.6  (1. 7-3.3) 

4.2  (1. 5-6.2) 

n 

17' 

5 

Combined  Valuesufl 

29.1  (27.4-30.8) 

31.6  (30.1-33.1) 

m 

4.0  (3.3-4. 6) 

6.7  (5.1-8.21 

n 

58 

32 

a0  = Characteristic  M.O.R.  (ksi)  — strength  at  63.2%  failure  rate 
m = Weibull  Modulus 
n = Number  of  bars 


Numbers  in  parenthesis  represent  the  90%  confidence  band. 

Too  few  specimens  to  permit  Weibull  analysis. 

Four  duo-density  turbine  rotors  were  tested  in  the  cold  spin  pit  to  evaluate  the  hot  pressed  to 
reaction  bonded  bond  joints  and  the  effect  of  I D.  voids  in  the  blade  ring  on  blade  failure  speeds. 
Neither  the  I.D.  voids  nor  the  bond  joints  failed  up  to  speeds  of  96,900  rpm.  However,  blade  failures 
which  occurred  from  38,440  rpm  to  89,070  rpm  were  related  to  surface  end  internal  flaws  in  the  airfoils 
of  the  type  shown  in  Figure  4.1.  Blades  which  were  free  of  obvious  flaws  failed  in  the  90  060  to  96  900 
rpm  range  as  shown  in  Figure  4.2.  Flawed  and  unflawed  failure  distributions  of  the  best  and  the  worst 
rotor  are  shown  in  figure  4.3  along  with  a failure  distribution  representing  the  state-of-the-art  in  1975. 
All  four  distributions  show  significant  improvements  in  rotor  processing,  however,  it  is  also  apparent 
that  substantial  improvement  would  be  recognized  with  the  elimination  of  large,  process  induced 
blade  flawsl™)!™).  Section  4.1.1  of  this  report  presents  the  results  of  work  during  this  reporting  period 
directed  towards  this  goal. 
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Figure  4.1  Typical  Fracture  Surfaces  with  Gross  Fabrication  Flaws 


FAILURE  SPEED 
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Figure  4.2  Typical  Fracture 


Surfaces  without  Gross  Fabrication  Flaws 


99.9 


SPEED  - RPM  X 1000 


Figure  4.3  Weibull  Distributions  of  Blade  Failures 


4.1.1  INJECTION  MOLDING  STUDIES 

A Reed  Prentice  450  TC  plunger  type  injection  molder  was  used  for  the  injection  molding  of  rotor 
blade  rings.  Control  of  the  molding  process  was  accomplished  by  a solid  state  machine  function  control 
unit,  shown  in  Figure  4.4.  This  unit  controls  all  machine  timing  and  sequencing  functions.  Tooling 
utilized  to  mold  'he  rotor  blade  rings  is  semi-automated  and  is  shown  in  Figure  4,5.  The  operation  of 
the  molder,  control,  and  tooling  have  been  previously  discussed(10-  U,  12). 
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Figure  4.6  Hunkar  Flow  Control  Equipment 

riiis  sttcoiul  modulo  controls  tho  material  injection  velocity.  Injection  volooitv  will  determine  tho 
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and  ••  ,U  ■‘•I  i;SSi><:!:*li0<l  k,ul  onl rapped  gas.  Excess  velocity  will  also  load  to  shear 

iVmk’.V  i v , " 7 , T ,:ni<:ks  un(l  1,i,rl  sli,:khl«  I™1*’™  Velocity  as  controlled  hv  the 
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m < c ,,,,  ram  enters  the  zone  deline, I by  each  pin.  the  hydraulic  flow  is  modulated  to  achieve  the  flow 
•alo  sol  for  that  zone.  Figure  4.7  shows  the  pin  vs.  ram  position  relationship 
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It  (.m  he  scon  that  volume  adjustments  can  be  used  to  compensate  lor  temperature  and  viscosity 
changes  in  the  molding  compound.  Control  and  variation  of  flow  and  hold  pressure  make  precise 
metering  of  volume  possible. 

In  previous  rotor  blade  ling  molding  runs,  several  types  of  flaws  were  noted  during  subsequent 
inspection  and  testing.  Rim  voids,  blade  voids,  and  planar  crack-like  flaws  in  blades  were  absolved. 
One  source  of  voids  was  deemed  to  be  caused  by  uncontrolled  flow  and  holding  pressure  on  the 
material  during  injection.  Controlling  material  flow  into  the  tool  reduces  turhulence  which  tends  to 
cause  areas  of  poor  fill,  knit  lines,  and  entrapped  gas  pockets.  Propei  holding  pressure  tends  to 
'‘squeeze"  voids  from  the  part  and  also  alter-feeds  tile’  thicker  portions  of  the  part  to  eliminate  shrin- 
kage voids.  Holding  pressure  may  also  be  critical  in  eliminating  the  hard-to  detect  planar  delect.  One 
possible  cause  of  this  type  of  defect  is  a stress  Iniild-up  caused  by  uncontrolled  hold  pressure.  If  the 
outer  skin  of  the  blade  solidifies  at  a high  holding  pressure  and  the  inner  skin  solidifies  at  a lower 
pressure,  the  resulting  density  gradient  will  cause  differential  shrinkage  and  result  in  internal  blade 
stresses.  Normal  constant  hold  pressures  naturally  result  in  this  condition  because  as  the  viscosity  of 
the  cooling  molding  material  increases,  the  system  tails  to  increase  system  pressme  to  maintain  con- 
stant cavity  pressure.  The  controlled  holding  portion  of  the  adaptive  control  system  will  allow  a 
profiled  hold,  thus  cavity  pressure  can  be  varied  as  required  to  minimize  stress  in  the  part. 

Molding  experiments  performed  as  part  of  this  program  were  divided  into  live  phases.  Phase  One 
used  the  monitoring  capabilities  of  the  adaptive  process  control  unit  to  determine  the  cavity  pressure 
vs.  ram  position  relationship  of  the  molding  system  without  using  the  How  contiol  dining  injection. 
Thirty  rotor  blade  rings  were  molded  at  conditions  previously  determined  to  yield  visually  good  parts. 
These  rotors  were  X-ray  and  visually  inspected  and  judged  to  be  of  a quality  level  comparable  to  those 
molded  just  prior  to  the  beginning  of  these  experiments. 

Cavity  pressure  traces  for  the  rotors  molded  with  no  flow  control  exhibited  large  variations  in  curve 
shape  and  pressure  level  attained.  An  example  of  curves  generated  during  four  successive  molding 
operations  are  seen  in  Figure  -4.0.  Records  were  kept  for  each  blade  ring  molded  with  respect  to  visual 
quality  and  the  ease  with  which  the  component  could  be  removed  from  the  molding  tool,  base  ol 
removal  is  related  to  shrinkage  prior  to  tool  opening,  and  therefore  may  relate  to  molding  stress  level  in 
the  molded  blade  ring.  A cavity  pressure  vs.  ram  position  curve  which  represented  those  blade  rings 
observed  to  he  best  in  surface  finish  and  ease  of  removal  from  the  die.  was  selected  for  duplication  in 
the  Phase  'Two  work.  'The  parameters  used  in  molding  are  as  follows: 


Phase  1 parts  were  as  follows: 


Material  Temperature 

Zone  1 

200 

l°F) 

Zone  2 

200 

Zone  3 

200 

Nozzle 

00 

Sequence  Times 

Inject 

3 

(Seconds) 

Hold 

0 

Open  die 

7 

Die  Temperature 

Moveable 

90 

l°F) 

Stationary 

05 

The  adaptive  control  unit  was  in  the  "monitor  only"  position. 

No  X-ray  results  from  the  microfocus  unit  were  available  at  this  point  because  the  unit  was  in  the 
preliminary  set-up  stage.  Microfocus  X-ray  results  became  available  later  and  are  summarized  in 
Table  4.2.  The  Microfocus  unit  revealed  more  void  type  defects  than  previously  shown  by  conven- 
tional X-ray.  As  would  be  expected  and  confirmed  from  previous  test  data,  voids  and  planar  defects  in 
the  blade  sections  near  the  rotor  l im  were  more  critical  than  those  in  the  lower  stressed  tip  region  of 
the  blade.  Therefore,  elimination  of  voids  in  the  inner  one-third  of  the  blade  was  given  primary  effort 
in  this  program.  The  number  of  voids  per  blade  ring  shown  in  Table  4.2  refers  to  blade  voids  in  the 
inner  one-third  of  the  blade. 


INJECTION  RAM  POSITION 

Fi8i.ro  4.9  Typical  Cavity  Pressure  Profiles  During  Phase  One 


Total  Number  of 
Blade  Kings 


TABLE  4.2 

X-RAY  RESULTS  OF  PHASE 

lotal  Number  of 
Voids  in  Base  Sections* 


Average  Number  of 
Voids  per  Blade  King 


* in  lower  t/3  or  blades 
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Figure  4.10  Typical  Cavity  Pressure  Profiles  During  Phase  Two 


X-ray  results  for  Phase  Two  blade  rings  are  seen  in  Table  4.3.  The  X-rav  results  from  Phase  One  and 
1 wo  revealed  that  those  conditions  believed  to  yield  best  quality  blade  rings  based  on  visual  inspection 
did  not  coincide  with  optimum  X-ray  results.  Although  Phase  Two  parts  had  more  defects,  due  to  the 
parameters  selected,  they  were  more  consistent  from  shot  to  shot. 


Total  Number  of 
Blade  Rings 


TABLE  4.3 

X-KAY  RESULTS  OF  PHASE  II 

Total  Number  of 
Voids  in  Base  Sections* 


Average  Number  of 
Voids  per  Blade  Ring 


in  lower  t/3  of  blades 


base  Ihree  attempted  to  vary  molding  flow  and  hold  pressure  in  an  effort  to  reduce  the  number 
and  size  ol  void-type  delects  in  the  blade  base  section  of  the  blade  rings.  The  parameters  held  constant 
during  the  I base  Ihree  study  were  identical  to  those  used  in  Phase  Two  with  the  exception  of  fill 
stroke  which  was  reduced  to  0.50  inch  with  a cushion  of  O.tO  inch.  Pressure  limit  and  hold  pressure 
were  varied  rather  than  held  constant  as  was  injection  profile  and  program  (hold)  profile.  The  variable 
parameters  used  are  shown  in  Table  4,4.  Three  rotor  blade  rings  were  molded  at  each  point  on  the 
matrix,  1 he  resultant  parts  were  visually  inspected  and  evaluated  by  microfocus  X-rav  evaluation  It 
was  noted  Irom  these  results  that  high  injection  rates  and  moderate  hold  pressures  resulted  in  a lower 
average  number  of  blade  base  voids. 


TABLE  4.4 


X-RAY  RESULTS  OF  PHASE  III 
(Average  Number  of  Voids  Per  Blade  Ring*) 

Parameter  -►  Injection  Velocity  Profile  (100%  = 10"/Seconds) 
Parameter  % Machine  Capacity 


4 99%  35% 

Hold  Pressure  (psi) 

2000  1.33  5.67 

500  0.67  5.67 

300  1.17  5.17 

75  1.0  5.67 

* in  lower  1/3  of  blades 


The  injection  and  hold  profiles  used  in  Phase  Three  were  linear  with  a slope  = 0.  For  example  if 
injection  rate  was  at  35%  of  machine  capability,  it  was  35%  for  the  entire  fill  of  the  rotor. 

In  order  to  vary  injection  flow  in  a nonconstant  manner  (i.e.,  slope  of  the  control  line  $ 0)  the  shot 
size  and  corresponding  region  of  fill  had  to  be  determined  for  each  of  the  10  zones  of  flow  control.  A 
study  was  run  at  this  point  to  determine  this  relationship.  In  addition,  control  of  the  material  remaining 
ahead  of  the  plunger  when  the  tool  has  filled,  referred  to  as  cushion,  had  to  be  achieved  in  order  to 
assure  the  tool  fill  versus  ram  position  relationship  would  be  valid  for  each  shot.  Figure  4.10  shows 
uncontrolled  cushion,  while  Figure  4.11  illustrates  controlled  cushion  for  cavity  pressure  vs.  position 
curves  on  four  consecutive  shots.  The  varying  X displacement  shot  to  shot  results  from  variable 
cushion.  Note  that  the  larger  cushion  reduces  cavity  pressure  achieved  for  a given  injection  setting. 
Once  more  sophisticated  flow  programs  are  used,  variable  cushion  would  result  in  the  wrong  velocity 
of  flow  in  any  given  die  section  due  to  the  ram's  displacement  in  relationship  to  the  set  points  on  the 
flow  control  curve. 
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Figure  4.11  Typical  Cavity  Pressure  Profiles  with  Controlled  Cushion 
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In  order  to  more  accurate’y  see  the  results  of  chunking  injection  anil  hold  profile  values  the  X-( ram 
position)  scale  of  the  oscilloscope  was  expanded.  1 he  resulting  curves  were  more  easily  interpreted 
This  change  was  needed  to  discern  between  subtle  variations  encountered  from  shot  to  shot  under 
adaptive  process  control.  As  seen  in  Figure  4.11,  prior  to  scale  expansion,  the  curves  for  each  shot 
appeared  colinear.  The  expanded  scale  as  seen  in  Figure  4.12  allowed  differentiation  between  shots. 


Based  on  the  results  of  Phase  Three,  namely  that  fewer  blade  base  voids  existed  at  low  hold 
pressures  and  high  injection  rates,  a Phase  Four  matrix  was  developed  to  concentrate  on  the  high 
injection  and  low  hold  pressure  areas.  Once  again  injection  and  hold  profiles  were  linear  with  slope  = 
0.  The  parameters  held  constant  were  identical  to  those  in  Phase  Three.  The  injection  and  hold 
parameters  used  in  Phase  Four  are  shown  in  Table  4.5.  Cushion  control  was  also  utilized  for  this  study 
as  previously  explained.  As  in  Phase  Three,  moderate  to  low  hold  pressures  and  high  injection  raies 
yielded  a lower  level  of  blade  base  voids.  With  the  cushion  control  the  absolute  level  of  voids  also  was 
decreased  in  the  Phase  Four  matrix. 


TABLE  4.5 


X-RAY  RESULTS  OF  PHASE  IV 
(Average  Number  of  Voids  Per  Blade  Ring*) 


Parameter  -► 

Injection  Velocity  Profile  (100%  = 10"/Second) 

Parameter 

% Machine  Capability 

1 

99%  70%  35% 

Hold  Pressure  (psi) 

2000 

0.33  0.67  4.33 

1200 

0.33  0 5 

300 

in  lower  1/3  of  blades 

0 4.67  3.33 
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To  further  optimize  the  relationship  between  injection  rate,  hold  level  and  blade  ring  base  voids  a 
Phase  five  study  was  run  based  on  the  results  of  Phase  Four.  In  an  effort  to  approach  the  low  hold 

non;iinrr  iniection  was  used'  th°  h°id  pr°fn° was  ^ned  as 

hneur  with  slope  - 0.  The  constant  parameters  for  Phase  Five  were  identical  to  Phases  Three  and 
Four.  The  injection  and  hold  profiles  which  were  varied  are  shown  in  Table  4.6.  Injection  was  linear  at 
he  indicated  level  from  pin  1 to  pin  6 of  the  injection  control  patch  panel.  Injection  rate  was  reduced 
in  a linear  form  from  pin  7 to  10  over  the  range  from  the  indicated  level  to  35%.  The  35%  level  was 
chosen  from  Phase  Three  as  the  minimum  injection  level  required  to  maintain  material  flow  into  the 


TABLE  4.6 

X-RAY  RESULTS  OF  PHASE  V 


(Average  Number  of  Voids  Per  Blade  Ring*) 

Parameter  -*■ 

Injection  Velocity  Profile  (100% 

= 10"/Second) 

Parameter 

% Machine  Capability 

1 

95% 

75% 

70% 

Hold  Pressure  (psi) 

900 

1.67 

1.0 

2.67 

600 

2.0 

0.67 

8.67 

300 

3.33 

8.67 

4.0 

* in  lower  1/3  of  blade 

he  X’r,ay  reSU  S°WI|  ln1TabIe  4-6'  il  can  bc  noted  that  there  were  less  blade  base  voids  at 
the  higher  injection  rates.  The  absolute  level  of  voids  was  higher  for  Phase  Four  and  the  level  of  hold 

pressure  required  to  minimize  voids  was  higher.  It  appears  that  higher  hold  pressure  compensates 

m hovfw  ^ HC  ,redl7Gd  'n)?ctl°"  ra,e'  I(  was  concluded  that  the  reduction  in  injection  velodty  prior 
to  hpid  was  too  abrupt  and  should  be  reduced  or  eliminated. 


Summary/ Conclusion 

*he  If?!?  fhCSe  StlrdieS  “ iS  concluded  that  injection  velocities  of  75  to  100%  of  machine 
capacity  with  ho  d pressure  from  300  to  1200  psi,  significantly  reduce  the  number  of  blade  base  voids  in 
injection  molded  blade  rings.  The  optimization  of  flow  controlled  injection  will  require  much  further 

inierh"16  f°n'  ?°n'r°  °T  ^ Pr°CeSS  afforded  by  [hc  adaptive  process  control^yields  the  level  of 

t0  canT  out  si8nificant  experimen,s  in  regard  ,o  ma,erial  f,ow  and  its 

X - ra  \Te  xa  nh  n ah  on  ^ be,WCCn  m°ldin8  vacations  and  feedback  from  the  Microfocus 

mokhnK  fhws  The  Mi  y par,swas  indeed  a useful  method  of  attacking  the  problem  of 

molding  flaws.  The  Microfocus  X-ray  equipment  itself  was  deemed  to  be  considerably  better  than 

nrnre«  i X'  ra>' eciuipmcnt  for  detection  of  small  flaws.  Further  work  iterating  further 

MiCro,0C"S  rings  oJ 
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4.1.2  NON-DESTRUCTIVE  EVALUATION 


During  previous  reporting  periotis  several  N.D.F,  techniques  were  assessed  for  the  detection  of 
flav  s m complex  shaped  silicon  nitride  gas  turbine  components! U -13).  Table  4 7 shows  the  current 

r ^ i , „ : ' ; „ r m ;'.'T’"r " ’I n!"1;,  T""vcly sn,i'"  "ortii",s <* "» , Lu  i,„ 

S 

most  promise  and  the  equipment  was  procured!  13).  ' ’ ,L  slumul  tho 


TABLE  4.7 


CRITERIA 


ASSESSMENT  OF  NDE  TECHNIQUES  CONSIDERED  FOR  FLAW  DETECTION 
IN  REACTION  BONDED  SILICON  NITRIDE  COMPONENTS 

N.D.E.  TECHNIQUE 


Microfocus 

\-ray 

infra-red 

Thermography 

X-ray 

Tomography 

Electrostatic 

Method 

Holotonic 

Method 

Mechanical 

Load 

Testing 

t Capability  of 
detecting 
flaws  in 
complex 
|wrts.  i i? 
turbine  rotor 

l arge  flaws 
2iH)n 

Not  Feasdde 

Expect 

improved  detection 
capubility  over 
conventional  x-ray 

If  flaw  is 
pul  under 
load 

Feasibility 
demonstrated  only 
on  simple  disk 
and 

rectangular 

shiqx\s. 

Detects  flaws 
through  failure 
Not  a direct 
indication 
of  flaw 

2 Provides 
rapid  exam- 
ination of 
complex 
parts 

Yes.  may 
lx>  im- 
proved 
with  pan- 
oramic 

X-ray  tube 

N II  * 

Wry  attractive 

Can  store  data 
for  pictorial  or 
numerical  rapid 
output 

N IV 

N.IV 

Yes 

3 Develop* 
men*  time 

and  cost 
estimates. 

Reasonably 
short  time, 
low  devel- 
opment 
and  equip- 
ment cost. 

N IV 

Very  expensive  - 
particularly 
equipment  costs. 

Short  develop- 
ment time, 
ixitentially  in- 
expensive. 

bong  develop- 
ment time; 
high  equip- 
ment costs. 

Inexjxmsivo 

4 Status  or 

recom- 

mend- 

ation 

Proceed  to 

feasiblity 

and 

apply  us 
rapid  Iv  as 
[xissible 

Not 

recom- 

mended. 

Seek  supihirt 
for  funded 
program 

Additional 

development 

required 

Recommend 
technique 
for  other 
programs  which 
use  hi- 
frequency 
equipment 

Currently  used 
on  stators. 

* Not  Determined 


High 

Frequency 
Ultra  tonic 

Potentially 
useful  for 
small  flaws 
I 25m)  in 
simple 
sluqxrs. 

Currently 
not  feasible 
for  complex 
shiqioil  parts 


High  devel- 
opment and 
equipment 
costs. 


Keep 

abreast  of 
ongoing 
development 
work 


unit  is  shown  in  Figure 13  alona  with  a lend  e ihinr.1  H 1 ® , lIX  var,able  focus  x-ray 

4H  sh"ws * “ -y 

optional  tube  is  shown  in  Figure  4 15  while  the  f vt'  n t i i g °f  c,rcular  con>P°nents.  This 
rolor  blnde  rim  nnd  I, Mo,  fs Thin  m Zt  IT  <*'™  <mmnk  radhl 
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Kg»re  4.14  Microfocus  X-ray  Tube  and  Molded  Blade  Ring 
Positioned  for  Oblique  Radiograph 


I 


* 
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BH 


PANORAMIC  MICROFOCUS  TUBE  HEAD 


PLASTIC  FILM  HOLDER 


BLADE 

RING 


Figure  4.16  Panoramic  Microfocus  Equipment 


and  Fixture  for  Radial 


X-ray 


Sensitivity  of  X-Ray  Equipment 

.is  r r dr; •»» * .■» 

density.  Figure  4.17  shows  radiographic  results  for  a 1/8  inch  n '!  ^ " fl!'CPn  nitrido  nf  2‘7  «/cc 
hole  of  0.010  inch  is  detectable  in  the  1/8  inch  cross  section  J?[‘,etramctc'-  11  can  be  scon  tl,nt  die  2T 
8 percent  for  sections  encountered  m molded  blade  rings'  ' C0rr0snonds  to  a sensitivity  of  at  least 

was  dircclod  .awards  <ho  de.ee, ion  of  gross 

one  of  IWO  basic  lypos:  1 1 voids  and  2|  plan  .yp0  cracks' TvSi^T”  i“'S  b°  Ca'"8°rizo<l  ■> 

I his  particular  defect  is  characterized  by  a large  length  to  wirlP  P t "ack  ,s  shown  1,1  Figure  4.18. 
mtnding  via  visual  inspection  of  the  surface  However  ton  7'/^  ^ be  dctcctfid  after 
part  complexity  or  failure  of  the  crack  to  surface  P °Ct,°n  Ls  difficu,t  bcc»"SG  °f 

Radiographic  and  Visual  ,„spec,i„n  Rasul, s of  Molded  and  N|tr|ded  ^ ^ 

-nd  {r,u'? 

ablcs  included  film  speed,  focal  spol  size  ™ „ei  o "‘"'rough  iSx  magnification.  Those  vari- 
'ained  with  medium  „,m  speed,  low  vol.age  ^ "*  * 

Those  figures  roprcsonl  Ihc^uIdfl^Mrc!,  of  moSod"""1  i ^ dladl!  ™SS  n'-’  red  using  flow  con.ro! 
resulls  on  all  molded  component  were  p^esenled  pfevSy  S™P  ***”*  **  "*■  °TO'  11 
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Figure  4.20  Microfocus  X-ray  Reproduction  of  Molded  Blade  Ring  with  Numerous  Defects 


In  Figures  1 I!)  and  4.20  two  lv|.ns  of  flaws  am  evident.  voids  and  inclusions.  In  these  plm  • >M-  1 •; 
ihe  v oil lis,  shown  as  the  light  indications,  am  mostly  confined  to  the  oilier  sections  of  iho  molded  hla. 
,-my  Phis  would  ho  expected  sin.:.'  this  area  is  llm  last  part  ol  the?  dm  to  ldl  dining  molding 


Several  inclusions  (dark  spots)  nan  also  l.o  soon  in  those  figures.  Sueh  inclusions  w o » 

location  Those  inclusions  wore  found  in  all  molded  parts  and  believed  to  have  oiigin.ili.il  in  tl  . 
mixing  of  the  molding  powders  or  in  the  incoming  raw  materials  While  detection  ol  this  type  of  dele., 
was  not  the  object  of  the  investigation,  il  was  shown  to  he  u Uhm  the  eapalnlily  of  llm  mmiofonus  . - . \ 


l'igure  4 ’’!  illustrates  a blade  void  whir.h  was  tracked,  using  x-ray  techniques.  Iron,  molding  to 
nitriding.  This  void  was  nneovered  by  grinding  the  surlace  of  the  pari  using  a small  hand  ‘ '' 
Figure  1^2  is  a fractured  blade  void  similarly  detected  by  x-ray  Note  the  absence  of  white  alpha 
silicon  nitride  in  l'igure  4.21.  It  was  first  thought  that  these  Haws  were  dissimilar  m origin 
repeated  grinding  and  fracturing  of  other  blade  voids  indicated  that  grinding  ol  the  del ec"  <•  aica 
removed  the  alpha  material  and  in  addition  grinding  dust  tended  to  mask  lb  ' presence  of  alpha  . . 

nitride. 


Figure  4.21  Subsurface  Void  in  Reaction  Bonded  Silicon  Nitride  Blade 
Uncovered  by  Grinding 


f , 


j 


,YjA  1 


V 


Figure  4.22  Molding  Flaw  in  Reaction  Bonded  Silicon  Nitride  Blade  — Fractured  Surface 

M,m\  j I It'll  i pis  were  muilo  In  doled  I In*  plunur  typo  II. nv,  I'iimre  I II*.  in  ns  moltlt'tl  bl.ulo  lilies  ( tin* 
experiment  consisted  of  osiny  blude  segments  nil  from  tin*  M.uli'  iiin;s  ulter  molding.  .mil  monitoring 
llio  1 1, iris  usiipn  visiinl  inspection  uml  \-r,i\  from  molding  lo  liitinlin.o  Tliis  l«'i  lin iipu*  ponnilloil  lu'lli'r 
inspi’i'.lion  of  tin'  purl  uml  \-ru\  view  inc  Irom  scv  orul  uncles  not  possible  \\  illi  u complete  blude  rim’. 

I lm  rosiills  of  this  work  rev  ouloil  t]  cross  spberieul  typo  fl.iws  uro  doteetuble  in  ll  o moldi'il  us  well  ns 

I I i I in  1 i’ll  bl, ulus  .'1  plunnr  fl.iws  were  not  sivii  until  ullor  nilridiiic 

Si  uni'  of  tlii'sc  1 1 lu  ii  ur  I luw  s w i'll'  di't< 'fil'd  for  tlio  lirst  linn'  usini’  \-ru\  during  ill  is  proinuin  1 iitm  i’s 
I ’.*  ,i  nd  I ’l  show  1 1 1 'lsi  t i \ i ' ro  prod  i lotions  of  x-ru\ s obtuiiii'd  ol  I lie  sumo  bludu  | /MO  I show  u in  I'i.nuro 
I PC  These  rudioitruplis.  lukou  nt  bx  uml  tt*\  mucnific.it  ion.  point  oulllio  vuliu'  ol  tin- \ uriublo  locus  \ 
iuy  lufii  ot  liiyli  mu^nifio.ution  us  o\  iilonoi'd  by  tlio  sburpnoss  ol  tin*  \-rn\s  ( M I'lpiul  sit;n  i I ii  .nice  wus 
llic  di'li’oInbUjly  of  tlio  plunur  cruck  in  tin-  u it  l ull'd  sluto  bins  limlnu:  oonploil  witli  llio  l.n  k ol 
detection  of  Ibis' dyfi'ol  in  tlio  molded  stuto  siit'i’osls  tli.it  tlio  uolnul  form,  of  tlio  iloti-i  I mu\  occur 
uftor  molilinp. 


Figure  4.24  Microfocus  X-ray  Reproduction  Showing  Planar  Type  Flaw 


Not  all  planar  cracks  wore  detectable  using  x-ray  even  with  multiple  orientation.  A reason  for  this  is 
obvious  when  one  inspects  the  fractured  section  of  a planar  crack  previously  detected  with  x-ray. 
Figure  4.23,  blade  //3t,  shows  an  x-ray  of  such  a flaw,  and  Figure  4.25  shows  the  fractured  section  of 
blade  //31.  It  can  be  seen  that  there  is  appreciable  flaw  volume  (white  material)  below  the  surface  of 
the  defect.  Only  in  such  cases  was  the  planar  defect  detectable  using  x-ray.  These  results  are  consistent 
with  flaw  sensitivity  measurements  made  using  penetrometers. 


Figure  4.25  View  of  Planar  Flaw  After  Fracture  of  Blade 


|L^-"  v 

W%- 

i,  ' » 

Panoramic  Microfocns  Tube 


The  remaining  time  on  the  program  was  utilized  assosing  blade  rim  quality.  The  fixture  shown  in 
Figures  4.15  and  4.t<>  was  designed  for  radial  x-ray  inspection  of  the  rim  in  its'  circumference  along 
with  the  entire  30  blades.  This  illustrates  the  panoramic  tube  positioned  in  the  inverted  position 
projecting  through  the  center  hole  of  a plastic  disk. 

lhe  rotor  part  is  placed  over  the  tube  head  and  positioned  for  alignment  with  the  radiation  pattern 
of  the  tube.  A series  of  concentric  slots  were  cut  in  the  plastic  disk  to  hold  the  x-ray  film  strip.  These 
gioovcs,  spaced  in  a pattern  of  t-1/2  — to  inch  radius  in  increments  of  1/2  inch,  permit  magnification 
up  to  lOx. 

Several  voltage  and  exposure  parameters  were  varied  in  an  effort  to  obtain  quality  panoramic  radial 
radiographs  of  silicon  nitride  blade  rings.  Blade  ring  rim  voids  were  detected  using  a lOx  magnification 
and  medium  speed  film.  Some  distortion  or  unsharpness  of  the  blades  was  noted  and  should  he 
minimized  with  further  work. 

Summary 

Microfocns  x-ray  equipment  has  been  purchased,  installed  and  utilized  for  the  N.D.K.  of  reaction 
bonded  silicon  nitride  components.  Flaw  size  sensitivity  of  the  equipment  was  established  at  0 percent 
for  voids  in  1/8  inch  cross  sections  of  reaction  bonded  silicon  nitride  of  2.7  g/cc  density.  Both  voids  and 
metallic  inclusions  were  detectable  in  green  as-molded  components.  Planar  cracks  wore  only  detected 
in  nitrided  components  and  not  all  planar  cracks  were  detected  even  with  multiple  orientation.  Void- 
t\  pe  Haws  were  detected  in  the  rim  of  nitrided  blade  rings  using  a panoramic  microfocns  x-rnv 
technique. 


4.2  PSEUDO-ISOSTATIC  HOT  PRESSING 
Introduction 


»<  ^ ^ ^ 

S^B£JS^?-r4SSl2S 

i)|  Design  simplified  graphite  tost  tooling 

1,1  Grsass  ;;^r" ° f" 11  - 

01  ss;“,r'  ■*  «•*-% »«- «*«.  *» ......  SK 

.11  n.-vol..,.  «>lb.l.h.  U.rri.ir  l,.y«  for  M,  H,o  ,v«di„n  lum.I.Hl  silicon  nMo  from  H„>  isopross 

Experiments 

TABLE  4.8 


PROPERTIES  OF  GLASSES  USED  IN  ISOPRESS  EXPERIMENTS 


Glass 

Density 

gm/end 

Softening 
Point  ’C 

Working 
Point  ’C 

Annealing 
Point  'C 

Thermal  Exp. 
25'C  to  Set  Pt. 
10-7Cm/cm/'C 

Corning  )/77 40  tyrox 

2.233 

82 1 

500 

Corning  U7[)t3  Vveor 

35 

(90%  Si(>2) 

Corning  tt  1 723 

2.179 

1.530 

— 

1,020 

5.5 

Aluminosilicate 

2.64 

908 

t . 1 08 

7 tO 

54 

Corning  //9458  LAS 

Not  Available 

"*"’?•  *"ul  vy?:ri-  ......  h. 

. i..»iwo  d,:,s  :£?,,,miiod taod  "n  '*-*  «"**«<<«« 
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If 


Experimental  graphite  tooling  was  designed  to  produce  a 2:1  pressure  relationship  between  seal 
cavity  and  isopress  cavity  (See  Figure  4.26).  Therefore,  when  1000  psi  was  introduced  to  the  seal  cavity, 
500  psi  was  generated  in  the  isopress  cavity.  Several  experiments  were  also  performed  using  tooling 
designed  to  produce  3:1  and  4 1 pressure  relationships.  The  seals  used  in  the  glass  isopress  runs  were 
either  Grafoil  laminated  preformed  rings  or  a wound  Grafoil  ribbon  pack. 


LOAD 


OVERFLOW 

RESERVOIR 


PISTON  FOLLOWER 


SPACE 


PISTON  SLEEVE 


PISTON  CAP 


V/Y 


SEALING  MATERIAL 
CAViTV' 


0*  ISO  PRESS  jM 
CAVITY  ggg 


DIE  BODY 


SUSEPTOR 


Figure  4.26  Graphite  Tooling 


if 

I 


T 


The  pyrex  system  was  first  investigated  using  the  grafoil  laminated  or  ribbon  pack  seals,  from 
compaction  measurements,  the  pyrex  was  found  to  soften  a hot  press  susceptor  well  temperature  of 
1200  C.  These  runs  were  made  to  1700°C  for  hold  times  of  30  and  60  minutes  and  an  isopress  cavity 
pressure  of  500  psi.  A seal  pressure  of  1000  psi  (2:1  ratio  tooling)  was  used  in  all  but  one  case  where  3:1 
tooling  gave  a seal  pressure  of  1500  psi.  Both  sealing  systems  showed  no  leakage  of  pyrex,  but  did  show 
a substantial  glass  weight  loss  (18%  weight  loss  after  30  minutes  and  36%  weight  loss  after  60  minutes). 
This  was  attributed  to  the  pyrex  (Si02)  being  reduced  by  the  carbonaceous  hot-press  atmosphere 
Evidence  of  this  was  also  observed  when  smoke  was  noted  coming  from  the  furnace  at  about  1700''C 
(susceptor  temperature).  Coating  the  isopress  cavity  with  boron  nitride  prior  to  pressing  only  slightly 
reduced  the  weight  loss  even  though  no  smoke  was  noted  during  the  run.  The  reaction  of  pyrex  with 
silicon  nitride  was  examined  by  drilling  holes  in  the  piston  head  and  connecting  these  to  the  isopress 
cavity.  Examination  of  reaction  bonded  silicon  nitride  bars  placed  in  these  holes  during  a run  showed 
no  reaction  or  penetration  of  the  glass  with  the  silicon  nitride  when  boron  nitride  (BN)  was  employed 
as  a barrier  layer  and  the  glass  was  easily  removed  from  the  bars.  Without  the  barrier  material  the  glass 
bonded  to  the  silicon  nitride  test  bars.  Figure  4.27  shows  the  difference  between  a boron  nitride  coated 
test  bar  and  an  uncoated  test  bar  after  pseudo-isostatic  pressing  in  a glass  media. 


Figure  4.27  Coated  and  Uncoated  Test  Bars 


Due  ! > the  high  volatility  of  pyrex  in  a carbonaceous  environment,  it  was  eliminated  as  a candidate 
isopress  material.  The  above  results  have  demonstrated  that  the  attrition  rate  of  pyrex  is  such  that  after 
four  hours  in  the  hot  press  there  would  be  no  glass  remaining.  As  a note  of  interest,  the  highly  volatile 
character  (high  vapor  pressure)  of  pyrex  was  also  demonstrated  by  the  piston  raising  approxin,  !y 
one  inch  when  the  load  was  released  at  the  end  of  the  test  run. 

Alumino-Silicate  glass  was  evaluated  in  an  attempt  to  find  a more  stable  glass  system.  This  glass 
proved  to  be  very  stable  under  a carbonaceous  environment  but  very  difficult  to  seal.  Using  the 
standard  2:1  pressure  ratio  tooling  resulted  in  leakage  in  one  case  and  a graphite  bucket  failure  in  the 
other.  A pressure  ratio  of  4:1  tooling  at  a 500  psi  cavity  pressure  failed  to  stop  the  leak  problem. 
Increasing  cavity  pressure  to  1000  psi  again  using  4:1  tooling  resulted  in  a cracked  bucket  during  the 
run.  This  glass  remains  as  a candidate  due  to  its  stability,  however,  the  seal  problem  must  still  be 
overcome. 

Lithium-alumino-silicate  glass  was  also  evaluated.  This  glass  showed  a severe  volatilization  prob- 
lem greater  than  that  demonstrated  by  the  pyrex  system  and,  therefore,  was  eliminated. 

Vycor  appeared  to  be  the  most  promising  of  the  glass  materials  investigated.  This  glass  does  vola- 
tilize under  hot  pesss  conditions;  however,  the  volatilization  rate  is  considered  acceptable.  For  exam- 
ple, after  a 4-hour  hot  press  run  (3  hours  at  1700°C)  with  the  isopress  cavity  coated  with  BN,  approxi- 
mately 15  w/0  loss  was  experienced.  The  BN  barrier  layer  between  the  graphite  and  the  glass  cavity 
was  very  effective  in  this  case.  Without  BN  barriers,  the  glass  loss  rate  approximates  that  experienced 
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with  pyrex  The  BN  was  also  an  effective  barrier  for  silicon  nitride.  No  deleterious  reactions  were 
noted  on  test  specimens  examined.  In  all  cases,  vycor  was  easily  sealed  using  grafoil  as  the  sealing 
material.  It  should  also  be  noted  that  the  bucket  cracked  in  each  instance  upon  cool  down  due  to  the 
thermal  expansion  differences  between  the  graphite  and  the  vycor. 

The  use  of  liquid  metals  in  the  isopress  cavity  was  seen  as  a way  to  circumvent  the  dissociation 
problem  of  the  oxide  glasses.  Reviewing  the  possible  candidates,  it  was  decided  to  begin  experimenta- 
tion with  tin  which  has  a very  low  melting  point  (232°C)  and  which  would  allow  easy  removal  from  a 
rotor.  Tin  also  has  a high  boiling  point  and  low  vapor  pressure  in  the  hot  pressing  temperature  range. 

An  initial  run  was  made  for  50  minutes  at  1700°C  and  500  psi  cavity  pressure.  Upon  opening,  no  tin 
was  found  in  the  cavity  with  some  being  in  the  overflow  reservoir  (Figure  4.26),  and  the  remaining  tin 
was  in  the  base  of  the  susceptor.  Leaking  through  the  seal  accounted  for  the  reservoir  tin,  but  that 
under  the  susceptor  was  more  difficult  to  explain.  Immersion  density  measurements  on  graphiU  from 
various  bucket  locations  showed  that  the  tin  was  forced  through  the  pores  of  the  AT)  graphite  (75% 
TD).  Test  bars  of  RBSN  in  this  run  showed  a BN  barrier  layer  to  be  effective  for  stopping  Sn  - Si3N4 
reaction.  Of  note  was  the  observation  that  the  tin  showe  i no  reaction  and  did  not  wet  the  graphite.  This 
indicates  the  viscosity  of  the  molten  tin  must  have  been  very  low  to  be  forced  through  the  graphite 
pores. 

Further  tests  were  carried  out  with  a higher  melting  metal  — copper.  Again,  Cu  did  not  wet  graphite 
and  BN  proved  to  be  a good  barrier  layer  between  molten  Cu  and  RBSN.  The  melted  Cu  also  exhibited 
a low  viscosity  and  grafoil  laminated  or  ribbon  seals  consistently  leaked.  Combination  grafoil  and  glass 
seals  were  developed  of  the  general  form  shown  in  Figure  4.28.  Pyrex  and  vycor  were  tried  as  the 
sealing  glasses  with  pyrex  superior  since  it  is  soft  at  the  melting  point  of  copper  (1083°C).  When  a pyrex 
Boating  Stal  is  tfseJ  with  supper,  the  pyrex  take-a  on  a distinct  copper  color.  This  scot  uae*  I'tt  h tlsi*y 
difference  between  Cu  and  the  glass  to  keep  the  seal  in  position.  With  these  combination  seals, 
volatilization  of  the  glass  stin  .curs  but  the  quantity  of  glass  required  is  small.  The  grafoil-glass  seal 
worked  well  but  the  coDner  was  forced  through  the  pores  in  the  graphite  bucket.  This  problem  might 
be  solved  by  employing  high-density  graphite  or  high-density  graphite  liners. 


Figure  4.28  Sealing  Systems  for  Metallic  Isopress  Fluids 
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Summary 


In  summary,  the  major  problems  approached  involved  the  development  of  a sealing  system,  select- 
ing a suitable  isostatic  media,  and  the  development  of  an  effective  barrier  layer  between  the  reaction 
bonded  silicon  nitride  and  the  media.  It  was  found  that  the  oxide  glasses  could  generally  be  contained 
by  a simple  grafoil  seal.  The  major  problem  with  glass  proved  to  be  its  susceptibility  to  decomposition 
under  a hot-press  environment.  Of  the  glasses  investigated,  vycor  appeared  to  be  the  most  promising 
isopress  media  material.  Although  some  vycor  loss  will  be  experienced,  this  loss  is  acceptable. 

Results  also  show  that  boron  nitride  appears  to  be  an  effective  barrier  layer  material  between  the 
vycor  and  silicon  nitride. 

Tin  and  Copper  metals,  as  the  isostatic  media,  were  found  to  be  very  stable  in  the  hot  press 
environment  but  were  difficidt  to  contain  without  employing  a more  complicated  grafoil-glass  hybrid 
seal  The  chief  difficulty  was  extrusion  of  the  molten  metal  through  the  porosity  of  the  graphite. 

The  reaction  bonded  silicon  nitride  test  bars  recovered  from  the  isostatic  media  were  not  checked 
for  dcnsification  blit  considering  the  short  times  and  low  pressures  employed  and  from  examination  of 
the  microstructuros  it  is  believed  that  little  if  any  dcnsification  occurred. 


5.0  ANALYTICAL  CODES 


H.,  J e-Iel°f ment  a.nalytiual  design  Codes  and  the  aPPljcation  of  these  analytical  techniques  to  the 
duo-density  silicon  nitride  turbine  rotor  were  ongoing  activities  in  the  Ford/DARPA  BrittleVaterial- 

uSSSZtt  and  ,imited  analysis  >°  dart*  ■ <— 

During  previous  reporting  periods(H.13)  several  analytical  tools  and  procedures  were  develoDed 

WHhT.nTrh  l h°l°l  r^°d  W3S  selected  as  the  Procedure  for  the  estimation  of  the  parameter  of 
We.bull  distributions!!!).  Analytical  procedures  were  developed  for  computing  time-dXTnt  reTia 

“H^n?he7raTmirStr"CtUreS7hlCh  6xh'bit  the  Phenomenon  of  delayed  fracture  or  staticfatipueUl)  A 
Hypothesis  Testing  procedure  was  prepared  for  determining  whether  statistically  significant  diffPr 
ences  exist  between  two  sets  of  data(13).  This  test  was  applied  to  the  turbine  rotor  and  « bowed  £ 
blade  strength  does  deteriorate  after  the  press-oonding  operation.  Use  of  proof-testing  as  ; potential 
mfnr  hnh  enh.anClng  the  a“uracy  of  life  predictions  was  theoretically  investigated!^)  TlJturbine 
wt  taeflciaS  WaS  m0d,fied  baKd  °"  ■ llfe  predll:,i0"  “H*  Mcated  a thltoThZ 


H-°U"fng  this  rePOrting  period  8 reliability  analysis  was  performed  for  the  off-design  operating  condi- 
rnnH  f»7?r  i*?5  W^ch  bad  been  tested  previously!^).  This  analysis,  presentedln  Section  5 1 was 
ihT  “r  , h ?rmme  ^ ^ dependent  reliabilify  ^ the  duration  of  the  testing  and ^determine  i 

“ f ^“5  WUh  the  SUCCeSsful  en«ine  **■  Section  5.2  present  the  Sbi^ 

estimates  for  thicker  throat  rotors  (0.40  and  0.48  inches)  operating  in  the  hot  spin  rig.  ^ 


buu^c 


To  duplicate  the  measured  air  temperatures  at  the  forward  face  of  the  disk  [Points  1 and  2 in  Figure 
5.1)  turbine  gases  were  assumed  to  leak  inboard  at  the  axial  clearance  between  the  first  stage  nozzle 
and  disk  and  then  mix  with  the  turbine  bolt  cooling  air.  This  air  mixture  was  then  assumed  to  flow  up 
the  forward  contour  of  the  disk  from  the  curvic  to  the  rim.  For  the  aft  side  of  the  disk  (Points  3 and  4) 
the  (low  of  labyrinth  ru-al  air  wvu  awunn  d tu  rreaP-  vurtkvs  which  num  d n riirulfltLn  to  heat  up  !ht 
air  along  the  back  face  of  the  rotor.  Figure  5.1  shows  the  assumed  air  flows,  and  the  test  and  calculated 
air  temperatures  at  the  forward  and  aft  sides  of  Rotor  1195  for  a turbine  inlet  temperature  of  2500°F.  As 
shown  in  the  figure  the  thermal  analysis  closely  simulated  the  temperature  environment  in  the  modi- 
fied engine. 

Using  the  thermal  boundaries  in  Figure  5.1  the  temperature  distributions  in  the  rotor  disk  at  50,000 
rpm  and  for  turbine  inlet  temperatures  of  zzuuuF  and  2500"F  were  calcuhied  and  are  shown  in  Figures 
5.2  and  5.3,  respectively.  Using  the  material  properties  in  Table  5.1,  the  maximum  principle  tensile 
stresses  in  the  disk  for  the  two  engine  loading  conditions  were  calculated  and  are  shown  in  Figures  5.4 
and  5.5.  In  these  calculations  it  was  assumed  that  the  rotor  was  fully  bladed  (36),  while  actually  Rotor 
1195  had  28  blades.  Thus,  the  computed  stresses  will  be  approximately  2%  higher  than  the  actual 
stresses  developed  in  the  disk  making  the  reliability  estimates  on  the  conservative  side.  Since  the 
recorded  test  data  from  the  10  hours  of  running  in  Engine  6-14B  were  similar  to  the  25  hours  in  6-14C  it 
was  assented  ‘hat  (he  ttiup^rztfufe  distribute™  in  the  disk  fur  these  two  engine  funs  at  22ixfl  TIT 
were  the  same.  Therefore,  using  the  temperatures  shown  in  Figure  5.2,  the  disk  stresses  at  2200°F  TIT 
and  45,000  rpm  were  calculated  and  are  presented  in  Figure  5.6. 


Figure  5.2  Temperature  Distribution  (°F)  for  Rotor  1195  in  Engine  6-14c 
at  2200°F  TIT  and  50,000  rpm 
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Figure  5.3  Teu:neratui  e Distribution  (°F)  for  Rotor  1195  in  Engine  6-14c 

at  250li°F  TIT  and  50,000  rpm 


TABLE  5.1 

MATERIAL  PROPERTIES 


3.5'/,  MgO  Hoi-Pressed  S13.  .4 
I Huh) 

Density  = 3.18  gm/cm3 


ln|oc:lion  Molded  S13N4 


Tem( . 
°F 

Young's 
Modulus 
xlO6  psl 

Poisson's 

Ratio 

Shear 
Modulus 
xlO6  psi 

Coefficient 
of  Thermal 
Expansion 
in/ln/°F 
x 10-6 

Thermal 

Conductivity 

Btu/hr-ft-°F 

78 

43.5 

.272 

17.1 

0.95 

17.0 

500 

44. 1 

.200 

17.5 

1.23 

15.0 

1000 

44.3 

.251 

17.7 

1.54 

13.0 

1500 

43.5 

.250 

17.4 

1.74 

11.0 

2000 

42.0 

.240 

17.1 

1.89 

9.2 

2500 

41.3 

.237 

10.7 

2.01 

8.0 

"8 

25.0 

187 

10.5 

.82 

11  4 

run 

■u  7 

17H 

10.5 

1.07 

10  4 

Specific 

Heal 

Btu/lb-°F 

178 

227 

.263 

.288 

.328 

.325 


150 

.230 

.270 

.280 

.290 

300 


Table  5.2  lists  the  temperatures  and  the  stresses  in  the  disk  at  the  bore,  throat,  and  rim  for  the  2500°F 
TIT  and  50,000  rpm  operating  condition  of  engine  6-14C.  Also  shown  in  this  table  is  the  temperature 
and  stress  gradient  between  the  disk  and  rim. 

TABLE  5.2 

Temperature  and  Maximum  Principle  Tensile  Stresses 
of  Rotor  1195 


Modif  cd  Engine  (6-14C) 
2500°k  TIT  & 50,000  rpm 


Gradient 


Bore  Throat  Rim (Bore-Rim) 


Temp. 

Stress 

Temp. 

Stress 

Temp. 

Stress 

Temp. 

Stress 

(°F) 

(psij 

(°F) 

(psi) 

(°F) 

(psi) 

(°F) 

(psi) 

1530 

30,000 

1900 

23,000 

2110 

7,000 

580 

23,000 

Estimated  Weibull  strength  parameters  presented  in  Figure  6.9  of  report(13)  were  used  to  make  the 
fast  and  time  dependent  reliability  point  estimates  for  rotor  1195  which  are  presented  in  Table  5. 3. In 
all  the  reliability  estimates  presented,  the  reliablility  of  the  proof  tested  blade  ring  was  excluded  on  the 
assumption  that  reaction  bonded  silicon  nitride  does  not  exhibit  subcritical  crack  growth  at  the  temper- 
atures experienced  in  the  engine  tests. 


TABLE  5.3 

Fast  Fracture  and  Time-Dependent  Reliabilities  for  Rotor  1195 

Fast  Fracture  Time  Dependent 


Time 

Reliability 

Reliability  (2) 

Loading 

(Hours) 

m = 7 

m = 10 

m = 7 

m = 10 

2200°F  TIT  & 45,000  rpm 

10 

.98113 

.99981 

.97443 

.99972 

2200°F  TIT  & 50,000  rpm 

25 

.96145 

.99947 

.91667 

.99845 

2500°F  TIT  & 50,000  rpm 

1.5 

.89500 

.99766 

.85830 

.99623 

1.  Point  estimates  of  disk  hub  material  Weibull  slope:  7 and  10 

2.  Assuming  individual  loading  on  the  rotor  disk. 

3.  Cumulative  time  dependent  reliability  for  the  total  36.5  hours  of  running  time: 

.83843  (m  = 7,  rh=  8.5,  n = 15.9) 

.99547  (m  -=  10,  m=  12.2,  a - 15.9) 

4.  The  reliability  of  the  blades  is  1 since  they  were  proof-tested  by  cold-spinning  to  50,000  rpm. 

where  m = Weibull  slope  for  fast  fracture 

rh  = Weibull  slope  in  presence  of  slow  crack  growth 
n = crack  propagation  velocity  exponent 


As  mentioned  earlier  all  analyses  were  made  for  a 36-bladed  rotor,  and  since  Rotor  1195  had  only  28 
blades,  the  reliability  estimates  are  conservative.  The  time  dependent  reliabilities  at  each  loading 
mode  were  calculated  assuming  no  previous  load  history.  They  provide  a measure  of  the  relative 
severity  of  the  individual  loading  mode.  Using  an  estimated  Weibull  modulus,  m,  of  7,  the  calculated 
cumulative  time  dependent  reliability  for  the  total  36.5  hours  of  running  time  is  0,83843.  For  an  m of  10, 
this  cumulative  reliability  increases  to  0.99547.  These  cumulative  estimates  tend  to  cunoborate  the 
engine  testing,  since  an  evaluation  of  the  failed  parts  shows  that  Rotor  1195  material  quality  was  not  the 
direct  cause  of  the  shutdown  failure. 
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5.2  ANALYSIS  OF  ROTOR  DISK  CONTOUR  MODIFICATIONS 


Hot  spin  rig  testing  is  being  used  to  evaluate  the  quality  of  Ford’s  duo-density  rotors  under  the 
OAR  FA  prugram  and  eventually  will  serve  to  verify  analytically  predicted  failure  distributions  uf  test 
rotors.  Before  the  axisymmetric  thermal  analysis  of  the  hot  spin  rig  rotor  system  could  be  made,  the 
existing  2-D  model(U)  had  to  be  altered  to  represent  the  geometry  of  the  test  hardware.  This  included 
the  change  from  a conical  piloting  system  to  curvic  couplings  and  modifying  the  configuration  of  the 
disk  from  the  original  designed  0.300  inch  throat  to  the  recontoured  0.400  inch  throaf  configuration. 
The  0.400  inch  disk  shape  was  chosen  since  this  alteration  to  the  model  would  require  the  least  amount 
of  time.  No  significant  difference  in  disk  temperature  is  expected  between  the  0.480  and  the  recon- 
toured 0.400  inch  throat  rotors  since  there  is  not  a major  difference  in  the  disk  geometries. 

For  the  thermal  environment,  it  was  assumed  that  the  rim  of  the  disk  from  the  leading  to  the  trailing 
edge  had  a uniform  temperature  of  1800°F,  Next,  two  modes  of  air  flow  were  assumed  to  occur  around 
the  disk.  For  the  first,  shop  supplied  bolt  cooling  air  was  assumed  to  flow  up  the  forward  disk  face, 
while  labyrinth  seal  air  was  assumed  to  cool  the  aft  disk  surface.  Figure  5.7  shows  the  temperature 
distribution  in  the  disk  for  this  condition.  For  the  second  mode,  hot  recirculated  air  was  assumed  to 
btJthr  f-utl  disk  Bwlhewt)  This  jwimtplk.il  we  batted  -.fi  opHeafl  pyyoiirfckrf  f jnHngs,  taken  during  fig 
testing  of  hub  988,  which  showed  higher  disk  temperatures,  Figure  5.8,  than  those  presented  in  Figure 
5.7.  Figure  5.9  shows  the  calculated  disk  temperatures  for  this  hotter  condition.  As  expected,  these  two 
assumed  operating  conditions  produce  vastly  different  temperature  levels  and  gradients  in  the  disk. 


Figure  5.7 


Temperatures  (dF)  of  Recontoured  0.400  Inch  Throat  Disk  in  Hot  Spin 
Rig  at  1800°F  Rim  Temperature  and  50,000  rpm.  Cooling  Air  Along 
Both  Forward  and  Aft  Disk  Surfaces 


ii  i . 

PRECEDING  PAGE  RLANK 


Figure  5.9 


(°F)  of  ,Recont7red  04°°  Inch  Throat  Disk  in  Hot  Spin  at 

2 L ?mpfrf  Ur*  ™d  50,000  rpm-  Hot  Recirculated  Air  on 
Both  Forward  and  Aft  Disk  Surfaces 


Using  the  two  sots  o disk  temperatures  and  tho  material  properties  in  Table  5.1,  the  maximum 
principle  tensile  stresses  hi  (he  disks  at  50,000  rpm  (78%  of  Design  D or  100%'  for  a three  stage  design) 
were  calculated  and  are  si  own  in  Figures  5.10  and  5,11  for  the  recontoured  0.400  inch  profile  and  in 
Figures  5 12  and  5.13  for  tiie  0.480  inch  configuration,  A comparison  of  these  figures  show  that  the  bore 
stresses  in  the  cooler  running  disks  (higher  thermal  gradients)  are  approximately  10,000  psi  greater  than 
those  in  the  hotter  rotors. 


Figure  5.10  Maximum  Principal  Tensile  Stresses  (psi)  for  Recontoured  0.400  Inch 

Throat  Disk  in  Hot  Spin  Rig  at  1800°F  Rim  Temperature  and  50,000  rpm. 
Cooling  Air  Along  Both  Forward  and  Aft  Disk  Surfaces 
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Using  estimated  Weibull  parameters  from  Figure  6.9  of  the  last  repoit(13)t  the  fast  fracture  and  the 
25  hour  time  dependent  reliability  estimates  of  the  rotors  were  calculated  and  are  shown  in  Table  5 4 
In  these  computations  the  blade  reliability  is  assumed  to  be  1.0,  based  on  the  rotor  being  proof-tested 
UP  t0  maximum  operating  speed  prior  to  hot  testing,  The  steeper  temperature  gradient,  shown  in  Figure 
5 7 approximates  closely  in  severity  the  loading  conditions  of  the  modified  engine  at  2200°F  turbine 
inlet  and  50,000  RPM.  The  temperature  distribution  in  Figure  5.9,  which  approximates  closer  the 
temperature  distribution  observed  in  tests,  is  less  severe  as  reflected  in  higher  reliability  estimates. 
Both  temperature  distributions  show  very  little  degration  in  the  reliability  with  time  as  evident  from 

hqI  ™rf  ro,iabi,ities-  This  is  not  unexpected  as  the  operating  temperatures  are  relatively  low 
(1800  F and  less)  and  therefore  not  as  conducive  to  subcritical  crack  growth. 


TABLE  5.4 


Fast  Fracture  and  25  H )ur  Time  Dependent  Reliability  Estimates  for  Rotors  in  the 
Hot  Spin  Rig  with  a Rim  Temperature  of  1800°F  and  50,000  rpm  (m  = 7) 


Throat 

Thickness 

(Inches) 


Cooling  Air 

Fast  25  Hour 

Fracture  Time  Dependent 


Hot  Recirculated  Air 
Fast  25  Hour 

fracture  Time  Dependent 


Recontoured 


.400 


93263  93078  .98961  .96970 


■480  .92226 


.92162 


.98549 


.95525 


6.0  RECOMMENDATION? 


ork  during  this  reporting  period  under  the  DOE-sponsorod  portion  of  the  program  and  reported 
erein  focused  on  development  of  ceramic  materials  and  process  technology  used  to  fabricate  duo- 
ij  j 8 l>™n  nitride  turbine  rotors.  Hot  press  bonding  process  parameters  were  defined  to  eliminate 

mol  UnB  of  mrnr  hi  Tf  d*grada,ion  o{  b,«dc  rin«s'  Improvements  wore  also  made  in  the  injection 

fhi  h f b do  rJnf  h0U8h  m0r°  WOrk  is  ro(Il,irod  t0  oliminate  subsurface  void-type  blade 

tnrbL  ",reT;iende(  tHat  V Pr°8ram  b°  initia,cd  t0  fabrica,G  a"d  such  improved  all-ceramic 
turbine  rotors  to  demonstrate  the  improvement. 

Dovcbpment  of  practical  NDE  techniques  is  also  recommended  to  detect  subsurface  flaws  of  100 
lmprov’m™“  q"Ky  W,’U'd  “"'0mCly  ''SC'U' '°  “ a"d  C°",irm  ""“f”"”1 

Recommendations  would  not  be  complete  without  the  cali  for  continued  programs  on  materials 
processing  and  ceramic  rotor  testing.  In  particular,  improved  reaction  bonded  and  hot  pressed  silicon 
nitride  along  with  a simplified  process  to  fabricate  highly-stressed  ceramic  turbine  rotors,  is  required 

rliH°fUCC  ar8urqil,ar"t,CS  ,°f  r0linb,C  pnf,S  at  loW  cost'  Morc  “ramie  rotor  testing  is  required  to 
didate  or  modify  life  prediction  analyses  and  substantiate  the  reliability  of  ceramics  in  such  a 
demanding  high-temperature  application.  sucn  a 

mC,h0d0l°^  bnSlS  hn.sbocn  established,  support  should  continue  toward  further  develop- 
ment of  this  energy  efficient  turbine  technology.  An  all-inclusive  program  is  recommended  encom- 
passing  materials  research,  process  research,  ceramic  design  and  testing  under  realistic  conditions  of 
mwironmont,  temperature  and  stress.  Such  an  inter-disciplinary,  all-inclusive  approach  is  recom- 
mended to  provide  for  cross  fertilization  of  ideas  and  to  facilitate  emphasis  on  different  aspects  of  the 
research  program  as  required.  aspects  oi  me 
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